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CHAPTER 1.  GENERAL INTRODUCTION 
 
Introduction 
Water quality around the globe is continually threatened by a multitude of pollutants 
which stem from varying point and nonpoint sources.  Agriculture, primarily known as a 
nonpoint source (NPS), has been found to be a large contributor to the impairment of many 
lakes, rivers and estuarine areas.  Pollutants entering water bodies attributed to agriculture 
include, but are not limited to, nutrients, sediment, herbicides and insecticides, as well as 
bacteria, pathogens and hormones originating from livestock operations.  Surface water 
runoff is a principal conduit for the transport of eroded soil and nutrients that can impair 
water bodies.  Elevated nutrient concentrations, such as nitrogen (N) and phosphorus (P), in 
surface waters can greatly accelerate the naturally occurring succession of water bodies from 
one trophic state to another—the process of eutrophication.  Eutrophication results in 
increased growth rates of algae and aquatic macrophytes which can cause recreational 
problems, decreased water clarity and depth, unpleasant odor, anoxia, as well as toxicity to 
fish, other life forms in the aquatic environment, livestock, and even humans.  Phosphorus, in 
particular, has been found to be the limiting nutrient in freshwater ecosystems and when 
present even in relatively small amounts the potential for water quality degradation is greatly 
increased. 
Phosphorus is routinely applied to agricultural fields in some form as it is an essential 
nutrient for plant growth.  Animal manures generated by livestock, such as swine, held in 
confined animal operations can be significant sources of both N and P for land application.  
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Commercial inorganic sources of P are also routinely applied to agricultural fields in order to 
supplement crop-available soil P where P additions are needed and manure is not used and/or 
readily available.  Runoff P losses from row crop production can be greater for those soils 
amended with commercial sources of P as compared to those treated with manures.  Thus, 
there is growing interest in utilizing manure nutrients over commercial fertilizers due to 
concern for both enhancing agricultural efficiencies and reducing agricultural NPS pollution.  
In Iowa, manure usually is applied according to corn N needs since the N:P ratio of manure 
can be highly variable and is sometimes lower than row crops require (especially for poultry 
manure).  Applying the required amount of N with manures often results in over-application 
of P which can result in excess P build-up in soils, intensifying the potential for P losses in 
surface runoff.  Over the long term, however, it has been reported that manure additions, 
even of liquid swine manure rates commonly applied by farmers, can actually increase soil 
aggregate stability and water infiltration, potentially mitigating runoff P losses (Smith et al., 
2001; Gessel et al., 2004). 
A number of agricultural management practices exist which can further decrease the 
amount of NPS pollutants reaching surface waters.  Notably, the retention of crop residues 
(biomass) within agricultural fields has been proven effective in reducing runoff and 
sediment loss (Lal 1976), among a host of other beneficial impacts on soil and environmental 
quality.  However, current interest in reducing dependence on fossil fuels in the U.S has 
resulted in the promotion of intensive harvesting of crop biomass from agricultural fields, 
mainly from corn, to be used in bioenergy production systems.  Adopting such strategies may 
potentially further increase the amount of sediment and nutrients reaching surface waters.  
Before intensive crop biomass harvest practices are widely implemented, it is necessary to 
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thoroughly investigate the impacts of such removals — coupled with nutrient additions and 
requirements typical to the area of implementation, as they pertain to the potential impacts on 
NPS pollution generated from such areas. 
No work has been conducted in Iowa or the Midwestern U.S. to investigate possible 
interactions between nutrient management systems and crop biomass harvesting systems for 
bioenergy production as related to potential nutrient loss with surface runoff.  We believe 
that the impact of different cropping and crop residue removal systems on nutrient loss with 
surface runoff could be significantly altered by use of inorganic or manure nutrient sources.  
Obviously, the impacts and possible interactions between these management practices would 
be greatly influenced by soil and climate conditions.  Therefore, the objective of this research 
was to evaluate the impact of a range of cropping and corn biomass harvest systems on P loss 
with surface runoff as affected by N-P management based on inorganic fertilizers or liquid 
swine manure. 
 
Thesis Organization 
This thesis is presented as one paper suitable for publication in scientific journals 
such as the Journal of Environmental Quality.  The title of the paper is Phosphorus Loss with 
Surface Runoff as Affected by Bioenergy-Based Residue and Nutrient Management Systems 
for an Iowa Loam Soil.  The paper includes sections for an abstract, introduction, materials 
and methods, results and discussion, summary and conclusions, references, and tables.  The 
paper is preceded by a general introduction with its own reference list and is followed by a 
general conclusions section. 
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CHAPTER 2.  PHOSPHORUS LOSS WITH SURFACE RUNOFF AS 
AFFECTED BY BIOENERGY-BASED RESIDUE AND NUTRIENT 
MANAGEMENT SYSTEMS 
 
A paper to be submitted to the Journal of Environmental Quality by 
A.A. Andrews and A.P. Mallarino 
 
Abstract 
Growing interest in biofuel generation with cellulosic biomass from row crop 
residues necessitates research to investigate biomass and nutrient management systems 
impacts water quality.  The objective of this research was to evaluate the impact of a range of 
cropping and corn biomass harvest systems on P loss with surface runoff as affected by N-P 
management based on inorganic fertilizers or liquid swine manure.  A 2-year rainfall 
simulation study was conducted on established field plots with Clarion loam soil (mixed, 
superactive, Typic Hapludolls).  Eight treatments, each replicated three times, were set up in 
a completely randomized block design using 174 m2 plots.  Treatments consisted of 
continuous corn (CC) harvested for total above-ground biomass or grain managed with N-P 
fertilizer or N-based liquid swine manure for corn (four); CC harvested for grain plus a 
fraction of cornstalks managed with N-P fertilizer (one); corn-soybean rotation harvested for 
grain managed with N-based manure for corn (one treatment, but each crop phase was 
planted each year); and switchgrass managed with N-P fertilizer or in plots with a long 
history of manure application (two) harvested once per year for total biomass.  The P 
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fertilizer was applied at rates necessary to maintain recommended optimal soil-test P for crop 
growth.  Simulated-rainfall (76 mm hr-1) was applied to 3 m2 microplots, located in different 
parts of each large plot each year until 30 min of runoff occurred in the fall and in the spring 
of each year.  Residue cover, total runoff, sediment loss, and concentrations of dissolved 
reactive P, bioavailable P (estimated by the FeO-impregnated paper method), and total P in 
runoff were measured.  The largest losses of all runoff P fractions were for CC managed with 
N-based manure and total biomass harvest, which showed the highest soil P concentrations 
among the grain crops.  Differences among all other treatments were small and inconsistent 
in the fall season, but in spring the two switchgrass treatments showed the lowest loss of 
bioavailable and total P. 
 
Introduction 
The quality of surface and groundwater is continually threatened by a multitude of 
pollutants which stem from varying point and nonpoint sources.  Agricultural activities, often 
treated as nonpoint sources (NPS), have been found to be the largest polluter of impaired 
stream and river miles, third largest polluter of impaired lake acres, and within the top ten 
largest polluters of impaired estuarine miles in the United States (USEPA, 2004).  In Iowa, 
more than 85 % of the land mass is devoted to agriculture and as of 2006, 282 water bodies 
in the state were listed on the United States Environmental Protection Agency’s (USEPA) 
impaired waters list – the majority of which are due to sediment and nutrient related impacts 
(USDA, 2007; USEPA, 2008). 
Soil erosion and surface water runoff are primary conduits for the transport of eroded 
soils and nutrients, such as nitrogen (N) and phosphorus (P) that can lead to water quality 
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impairments when deposited in lakes, reservoirs, rivers and streams.  Phosphorus deposited 
in water bodies has the potential to greatly accelerate eutrophication of freshwater 
ecosystems as it has been found to be the limiting nutrient in many of these systems (Sawyer 
1947; Schindler, 1977; Correll, 1998).  Most notably, accelerated eutrophication results in 
increased growth rates of algae and aquatic macrophytes which can cause; recreational 
problems, decreased water clarity and depth, unpleasant odor, anoxia, as well as toxicity to 
fish, other life forms in the aquatic environment, livestock, and even humans.  Phosphorus 
transported in surface runoff may be bound to soil particles in solid form, incorporated in soil 
organic matter and transported with sediment, or in dissolved inorganic form, such as 
orthophosphate.  Of major concern are the dissolved inorganic forms, as these are 
immediately available and most readily used by primary producers (phytoplankton) within 
water bodies.  However, P bound to sediments or in organic matter deposited at the bottom of 
water bodies also becomes available to aquatic organisms over time, as these materials go 
through the processes of dissolution, desorption or decomposition (Correll, 1999).  Thus, 
commonly measured P fractions in runoff include dissolved reactive P concentration 
(DRPC), determined colorimetrically with the Murphy and Riley method (Murphy and Riley, 
1962); algal-, or bio-available P concentration (BAPC), usually estimated as P extracted by 
Fe-oxide impregnated filter paper (Sharpley, 1993); and total runoff P concentration (TPRC).  
The TPRC can be a better estimate of the long-term potential for eutrophication of surface 
waters than DRPC or BAPC due to the previously mentioned long-term effects of sediment 
and organic matter bound P (Correll, 1998).  
Extensive swine (Sus scrofa domesticus L.) production in the US Midwest results in 
the generation of large quantities of manure which can be a valuable source of nutrients for 
  
8 
crops.  Use of animal manure nutrients requires more attention than for inorganic fertilizers 
due to greater variation in nutrient analysis; nutrient ratios that may not coincide with 
nutrient needs of crops; organic and inorganic nutrient forms that introduce uncertainty in 
crop availability of the nutrients; potential nutrient loss during storage, handling, and 
application to the land; and difficulty of uniform application.  The N:P ratio of manure can be 
highly variable, even for a specific animal species within and between production facilities.  
An Iowa survey (Lorimor and Kohl, 1999) showed that the concentration of P in liquid 
manure for finishing hogs ranged from 0.1 to 6.6 g of total P L−1.  A recent Iowa research 
project that used liquid swine manure from 16 different feeding operations showed that the 
manure N:P ratio ranged from 2.9 to 5.6 and averaged 3.8 when N and P concentrations were 
expressed as g L-1 (Barbazán et al., 2009).  There is also a large variation in the proportion of 
organic P in animal manures.  For example, Sharpley and Moyer (2000) reported 10 % or 
less is organic P in liquid swine manure.  He and Honeycutt (2001) suggested that 49 % of P 
in dry swine manure is organic, although 43 % of the total P is an easily hydrolyzable simple 
monoester.  In addition, compensations for N loss by volatilization and denitrification are 
frequently made when calculating application rates, further increasing the amount needing to 
be applied (Daniel et al., 1994; Sawyer and Mallarino, 2008).  Therefore, given amounts of N 
and P usually needed by corn (Blackmer et al., 1997; Sawyer et al., 2002), the utilization of 
liquid swine manure for cereal monocultures can result in applications of swine manure P 
two to three times higher than needed by the crops.  Furthermore, many of these soils already 
feature ample rates of P for crop growth (International Plant Nutrition Institute, IPNI, 2001).  
The resulting surplus P buildups have the potential to contribute to NPS pollution of 
freshwater ecosystems as these soils interact with rain/melt waters. 
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Tillage or incorporation of manure or fertilizer P has consistently been found to 
reduce runoff P losses as compared to surface application when it is done without greatly 
increasing rates of soil erosion (Tabbara, 2003; Allen and Mallarino 2007; Kaiser et al., 
2009).  In addition, it has been reported that long-term manure amendments, even of liquid 
swine manure rates commonly applied by farmers, can actually increase soil aggregate 
stability and water infiltration, potentially mitigating runoff P losses (Smith et al., 2001; 
Gessel et al., 2004).  Other agricultural management practices can further decrease the 
amount of P enriched sediment and runoff reaching surface waters.  These include, for 
example, soil conservation structures, crop rotations, reduced tillage, and crop residue 
management among many.  The retention of crop residues (biomass) within agricultural 
fields has been proven effective in reducing runoff and sediment loss (Bundy, 2001; Lal 
1976; Wilson et al., 2004), among a host of other beneficial impacts on soil and 
environmental quality.  Reasons include, but are not limited to, protecting soils against 
raindrop impact and particle detachment, preventing surface sealing (Potter et al., 1995; Or 
and Ghezzehei, 2002; Gilley and Risse, 2000) retaining soil moisture, reducing runoff 
velocity, improving soil structure and infiltration (Gilley et al., 1986), increasing soil organic 
matter and carbon sequestration, as well as recycling essential plant nutrients into the soil 
(Lal, 2008).  However, there is increasing interest in developing renewable energy sources 
with crop biomass while concomitantly maintaining food, fiber and grain-based biofuel 
production, which if realized could potentially alter runoff losses.   
Phosphorus concentrations in runoff, as well as the proportions of DRPC and BAPC 
relative to TPRC have been found to be influenced by the source of applied P.  Specifically, 
the water-soluble P (WSP) concentration of P sources has been found to be well correlated to 
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DRPC in runoff.  More than 95 % of the total P in commercial P fertilizers is WSP, however 
the WSP content of manures (MWSP) is generally less and very variable.  In an indoor 
rainfall simulation study, Shigaki et al. (2006) used soil trays packed with Berks loam soil to 
evaluate the effect of rainfall intensity and P source on P transport considering swine manure 
and three different mineral P sources varying in WSP when applied at the same total P rate.  
They found a significant exponential increase in DRPC with increasing WSP when rainfall 
was simulated 1 day after surface application (R2 = 0.95-0.98).  Using a similar rainfall 
simulation protocol, three acidic soils having either low or high initial soil-test P (STP), and a 
constant total P application rate, Kleinman et al. (2002) found similar results as WSP was 
highly correlated with DRPC when considering surface-applied dairy, poultry, and swine 
manures (R2 = 0.86).  When incorporated, DRPC in collected runoff declined drastically.   
However, correlations can be much poorer across different manure types and soils, 
especially in field studies.  Haq et al. (2006) used field rainfall simulations to concurrently 
compare runoff P loss for three manure types from different feeding operations for events 
immediately after application to the soil surface at 21 Iowa fields.  The MWSP of solid beef, 
solid poultry, and liquid swine manures averaged 34, 25, and 24 % of the total P, 
respectively, and the range within each source was 6-92, 14-37, and 9-59 %, respectively.  
They applied the same total P rate, and the correlation between MWSP and DRPC was only 
0.09, although it was better within each manure type.  They reported, however, that runoff 
DRPC and loads were at least double for commercial fertilizer than for the manures.  More 
recently, Kaiser et al. (2009) used a field rainfall simulation technique to study P loss with 
surface runoff when manure from broilers, hens, or turkeys was applied to eight Iowa fields 
(one manure type per site).  They found a moderate positive correlation between MWSP 
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concentration and DRPC (r = 0.55) when the manure was unincorporated but no correlation 
when the manure was incorporated (r = 0.04).  They also reported that DRPC was linearly 
related to the amount of MWSP applied and that the rate of DRPC increase was about eight 
times greater for unincorporated manure than for manure incorporated into the soil.  
However, MWSP concentration was not related to DRPC for unincorporated manure when it 
was included after manure total P rate in a two-variable regression model.  Given these 
findings, runoff P losses from row crop production can be greater for those soils amended 
with commercial sources of P as compared to those treated with manures.  
Crop residues from annual crops, such as corn (Zea mays L.) as well as biomass from 
perennial forage crops, like switchgrass (Panicum virgatum L.) have the potential to serve as 
significant sources of lignocellulosic biomass to be used in bioenergy production systems 
(McLaughlin et al., 1999).  As of 2006, annual generation of biomass from corn residues that 
was potentially available for bioenergy production in the U.S. was over an estimated 227 
million Mg (BRDI, 2008).  The majority of biofuel production with biomass from corn will 
likely take place in the Midwest as these are the highest yielding areas in the country.  One 
study by Lindstrom et al. (1979), in regards to the U.S. Corn Belt, estimated that up to 58 % 
of corn biomass remaining after grain harvest may be available for bioenergy production 
without significantly impacting losses of sediments and nutrients in the region.  More recent 
and conservative estimates for this region are between 20 and 40 % (Nelson, 2002; McAloon 
et al., 2000; and Kim and Dale, 2004).  In a study specifically for Iowa, Sheehan et al., 
(2004), assuming statewide implementation of continuous corn practices, estimated a 
maximum of 40 million Mg of residue to be available for biomass harvesting after typical 
grain harvests.  They estimated that in order to prevent increased rates of soil erosion, a 
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minimum of 24 million Mg of corn residue (60 %) would be needed to remain in-field under 
a mulch-till system, while 12 million Mg (30 %) would be necessary under a no-till system.  
However, approximately 90 % of the corn acres in Iowa undergo some sort of crop rotation.  
This is typically a two year corn soybean rotation which significantly lowers the potential 
amount of biomass available due to much lower levels of biomass generated by soybeans.  
Furthermore, the amount of residue required for preventing elevated rates of erosion varies 
significantly according to site-specific characteristics.  These include, for example, soil 
erodibility, rainfall erosivity, land use, slope steepness and length, as well as crop system 
management practices, such as tillage, nutrient applications (Lindstrom and Holt, 1983; 
Lindstrom, 1986; Lal, 2005), and potentially biomass harvest practices as well.   
The study of P loss from agricultural lands can become further complicated as the 
aforementioned processes of decomposition, desorption and/or sorption takes place.  In fact, 
studies have shown that nutrient leaching and sorption from/to crop residues themselves has 
the potential to greatly contribute to the loss of nutrients with agricultural surface runoff 
(Gilley et al., 2007, 2009; Ginting et al., 1998; Schreiber, 1985, 1999).  In a laboratory 
experiment, Cermak et al. (2004) found the amount of orthophosphate released by corn and 
soybean residues to not only be significant but increase with increasing contact time and also 
depend on the initial nutrient concentration of the solution they were immersed in. 
The environmental impact of biomass production/harvesting, in conjunction with 
current agricultural practices is clearly complex and requires the attainment of additional 
information before such practices are widely implemented.  No work has been conducted in 
Iowa or the Midwestern U.S. to investigate possible interactions between nutrient 
management systems and crop biomass harvesting systems for bioenergy production as 
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related to potential nutrient loss with surface runoff.  We believe that the impact of different 
cropping and crop residue removal systems on nutrient loss with surface runoff could be 
significantly altered by use of inorganic or manure nutrient sources.  Therefore, the objective 
of this research was to evaluate the impact of a range of cropping and corn biomass harvest 
systems on P loss with surface runoff as affected by N-P management based on inorganic 
fertilizers or liquid swine manure. 
 
Materials and Methods 
Experimental Design and Treatments 
This field rainfall simulation study was conducted from fall 2007 until spring 2009 on 
plots of an ongoing experiment located approximately eight miles west of Ames, Iowa at the 
Iowa State University Agronomy/Agricultural Engineering Farm.  The experiment used 27 
plots with a width of 7.6 m and a length of 22.9 m.  The soil was Clarion loam (fine-loamy, 
mixed, superactive, mesic Typic Hapludolls) and slopes ranged from 1 to 3 %.  Clarion soils 
are moderately well drained, moderately permeable soils formed in glacial till on the uplands 
of north-central Iowa and south-central Minnesota (USDA-NRCS, 2004).  Eight treatments 
involved non-factorial combinations of cropping, corn harvest, and nutrient management 
systems (Table 1).  Three treatments consisted of continuous corn managed with N-P 
inorganic fertilizer and harvest for grain (CCGr-F), grain plus partial stover removal (CCSt-
F), or total aboveground biomass removal (CCTot-F).  Two treatments consisted of 
continuous corn managed with N-based liquid swine manure and harvest for grain (CCGr-M) 
or total biomass (CCTot-M).  One treatment involved N-based manure for a corn-soybean 
rotation and P fertilizer for soybean only if needed, for which the corn phase (CsGr-M) and 
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soybean phase (ScGr-M) were present each year.  The other two treatments involved 
switchgrass harvested for biomass, in which one treatment involved N-P fertilizer 
management (Sw-F) while the other involved no N-P application because the switchgrass had 
been seeded to plots with long history of liquid swine manure application and soil P was very 
high (Sw-Mh).  Because rainfall simulations were conducted between crop harvest and 
planting of the following crop (except for perennial switchgrass), all references to a crop in 
the treatment abbreviation codes refer to the crop residue onto which simulated rainfall was 
applied.  All treatments were replicated three times.  
The tillage system used for corn and soybean plots was chisel-plowing and disking of 
corn residues and only disking of soybean residues, both done in spring (there was no fall 
tillage for any plot).  The chisel and disk implements were equipped with dragging, rake-
style finishing tooth-type harrows to smooth the soil.  For treatments involving grain or grain 
plus stover harvest, the grain was harvested with a standard combine and the cornstalks were 
chopped at a height of approximately 25 cm with a drawn, flail-shredder chopper.  For the 
corn grain plus partial stover harvest, after chopping, the plots were raked into windrows and 
baled using a drawn side-delivery rake and a round baler, respectively.  Total corn biomass 
was harvested using a self-propelled flail-type harvester adjusted to cut the plants at 
approximately 15 cm above the ground level one to two weeks after corn grain was at 
physiological maturity.  Switchgrass biomass was harvested by cutting the forage at 
approximately 7.5 cm above ground level in the fall approximately one week after the first 
heavy frost (in late October). 
The amounts of P applied for each treatment are shown in Table 2.  The amounts 
applied varied across treatments and years because fertilizer P for the fertilizer managed 
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treatments was applied as called for by soil testing of plots of each treatment each year and 
the manure application rates for the manure managed treatments were based on N need of 
corn and manure total N concentration.  The N and P application rates for corn and soybean 
were those recommended in Iowa (Blackmer et al., 1997; Sawyer et al., 2002).  Target N 
rates were 224 kg N ha-1 for continuous corn and 168 kg N ha-1 for corn after soybean (total 
N in the case of manure).  The N fertilizer was urea-ammonium nitrate (UAN), which was 
broadcast in spring and incorporated into the soil by the spring tillage.  The P fertilizer 
application rates attempted to maintain an optimum STP level in the top 15-cm soil layer, 
which in Iowa is 16 to 20 mg P kg-1 for Bray-1 or Mehlich-3 methods.  The P fertilizer was 
triple superphosphate, which was applied only if needed before corn in the fall for the first 
year and in spring for the second year.  Therefore, in the first year, the P fertilizer was 
incorporated in the spring by the spring tillage.  The switchgrass plots managed with N-P 
fertilizer received 150 kg N ha-1 in 2008 (applied as ammonium nitrate in June) while triple 
superphosphate was applied as needed to maintain STP in the optimum category. 
Liquid swine manure was collected from an underground storage pit of a confined 
swine operation located near the experimental site.  A preliminary sample was taken and 
analyzed for moisture and total N concentration in order to determine the appropriate amount 
to apply for each treatment.  One 0.5 L sample was also collected while the manure was 
being applied to better estimate the amount of N-P actually applied.  Total manure P was 
analyzed by the persulfate digestion method following USEPA Method 365.1 (USEPA, 
1983) and by determining P in digests with the ammonium molybdate-ascorbic acid 
colorimetric method (Murphy and Riley, 1962).  Total manure solids were determined 
gravimetrically following USEPA Method 160.3 (USEPA, 1983).  Average total P and solids 
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concentration of manure samples taken during manure application in 2008 were 3.99 and 42 
g L-1, respectively; in 2009, average total P and solids concentration were 3.74 and 38 g L-1, 
respectively.  The manure also was analyzed for soluble P (MWSP) by the method of 
described by Kleinman et al. (2002).  On average, MWSP accounted for 60 and 55 % of TP 
in 2008 and 2009, respectively.  Manure was injected to a depth of approximately 12 to 15 
cm in spring, before any other tillage operation using a manure applicator that included an 
agitator in the tank, a flow meter, and a Yetter Avenger injection system designed to 
minimize soil surface disturbance (Yetter Manufacturing, Inc., 109 S. McDonough, 
Colchester, Illinois 62326 USA).  As expected with field liquid manure application, the 
actual amount of nutrients applied sometimes deviated from the intended rates. 
 
Rainfall Simulation Methods 
In-field rainfall simulations were conducted in fall 2007, spring 2008, fall 2008, and 
spring 2009.  In the fall, the simulations were conducted after crop harvest, and the first fall 
after any fertilizer P application (no manure was applied in the fall).  In the spring, the 
rainfall simulations were conducted when soil was ready to plant corn, once all treatment 
application and both primary and secondary tillage was completed.  Rainfall simulation 
equipment and methods were those recommended by the National Phosphorus Research 
Project (NPRP, 2002) and were used previously by Allen and Mallarino (2007) and Kaiser 
and Mallarino (2008).  A portable rainfall simulator was built on a design by Miller (1987) 
with minor structural modifications (NPRP, 2002).  A Veejet HH-SS50 WSQ nozzle 
(Spraying Systems, Wheaton, IL) was supported by a cube frame of made of Al pipes 
(approximately 3.2 cm in diameter) that measured 3 m on each side and was placed 3 m 
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above and at the center of the rained-on area.  Preliminary calibrations using collector pans 
showed that this nozzle applied a uniform volume of water over an area approximately 5 m in 
diameter. 
Before applying simulated rainfall, galvanized steel borders that were 15 cm in height 
were set into the soil to a depth of 7.5 cm and encompassing an area 1.5 by 2 m (referred to 
hereafter as a microplot).  Microplots were installed in an area of each plot representative of 
the whole plot, where slope was 2 to 3 %, and where no wheel traffic was obvious.  The 
slope of each microplot was measured by resting a straight 2 m piece of wood with a slope 
meter placed on top on the soil from upslope to downslope.  Rather than installing a flume as 
previously described by Allen and Mallarino (2007), an L-shaped piece of galvanized steel 
(runoff border), slightly larger than the width of the plot (5 by 5 cm and approximately 1.5 m 
in length), was inverted and installed at the downslope end of each microplot, such that its 
upper edge (corner of the L) was level with the soil surface.  A flat spade was inserted 
directly downward into soil immediately in front of the runoff border and all along its width 
to a depth of approximately 7.5 cm.  The spade was then inserted from approximately 8 cm 
downslope, also along the width of the microplot, at a 45 degree angle, relative to the first 
insertion, and soil between the two was carefully excavated in order to construct a trench 
along the front of the microplot’s span.  A small curved pickaxe was also often used to aid in 
trench excavation.  
Prior to field installation of microplots, 7.62 cm diameter polyvinyl chloride (PVC) 
pipes were cut in half, lengthwise, using a table saw and to a length of approximately 2 m 
using a band saw, to be used as runoff collection/routing pipes.  The PVC runoff 
collection/routing pipes were sealed closed on one end using duct tape and multipurpose 
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silicone adhesive.  The pipe was laid, open-face up, into the previously mentioned trench, 
such that its upper edge was just beneath the front lip of the runoff border and was fixed to 
the runoff border using duct tape.  A 2 cm thick bead of multipurpose silicone was then 
placed at both ends of the runoff border in order to prevent any runoff from escaping either 
end of the runoff border and channel runoff directly into the collection/routing pipe.  A 
plastic collecting vessel was buried outside of the rainfall area so that its upper surface was 
just below the runoff collection/routing pipe and any runoff traveling into and down the pipe 
was directed into the collecting vessel.  A galvanized steel canopy was placed over the 
collection/routing pipe to prevent any direct rainfall from entering the pipe.  Plastic curtains 
wrapped around the simulator frame eliminated potential effect of wind on the rainfall 
intensity and uniformity. 
Water for the rainfall simulations was obtained from a well at the ISU Agronomy and 
Agricultural Engineering farm.  Source water was analyzed once daily for dissolved reactive 
P concentration (DRPC) and tested 0.08 mg P L-1 on average.  Simulated rainfall was applied 
to each microplot in two sequential steps to reduce the time needed to produce runoff.  
Rainfall was first applied at 7 L min-1 to the point of runoff using a hose fitted with a nozzle 
attachment that was moved back and forth approximately 0.5 m above the microplot area.  
Antecedent moisture content for each microplot was measured and recorded using a 
previously calibrated Theta Probe (Delta-T Devices LTD, 130 Low Road, Burwell 
Cambridge CB250EJ UK) approximately 30 min after pre-wetting.  The antecedent moisture 
content did not vary significantly between microplots, and on average was approximately 32 
% (range 28 to 34 %).  Additional simulated rainfall was then applied with the simulator 
described previously at 76 mm h-1 (energy of 0.278 MJ ha-1) until 30 min runoff occurred.  
  
19 
This rainfall intensity (including time to runoff that on average was 5 min and varied little 
among plots) has a recurrence interval of approximately 13 yr in Iowa (Huff and Angel, 
1992).  The total runoff collected during 30 min was weighed, and a 1 L sample was 
collected after vigorously stirring the collecting vessel.  A 15-mL subsample was filtered in 
the field using a 0.45 µm pore-size filter for each sample and was acidified using two drops 
of concentrated HCl in order to prevent microbial growth.  All runoff samples were kept in 
insulated boxes and taken to a cold storage room (4-5°C) until analysis.   
Surface residue cover was measured for all microplots using a line-transect method 
described by Laflen et al. (1981).  A 1.5-m-long rod with 10 points marked equidistantly 
across its length was placed across the width of each microplot.  This was repeated at five 
locations within each microplot to account for variability of residue distribution. 
 
Analysis of Soil and Surface Runoff Samples 
Initial soil pH, organic matter, as well as Mehlich-3 extractable Al, Ca, and Fe were 
measured in samples taken in fall 2007 from the 0-15 cm depth across all plots.  Soil pH was 
7.4 and organic matter was 32 g kg-1, while Al, Ca, and Fe measured 790, 3729, and 172 mg 
kg-1, respectively.  Composite soil samples, consisting of 12 cores, were taken from depths of 
0- to 5- and 5- to 15-cm within each microplot after each simulation and a few hours after 
soil had drained as suggested by the National Phosphorus Research Project protocol (NPRP, 
2002).  The samples were oven dried at 35°C, crushed to pass through a 2-mm sieve and this 
soil was used for all tests except total soil P (TPS) and organic matter, for which subsamples 
were further crushed to pass a 0.5-mm screen.  Water-extractable soil P (WEP) was 
determined by the procedure described by Pote et al. (1996), which consisted of shaking 1 g 
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of soil with 25 mL of deionized water for 1 h, centrifuging for 5 min at 266 m s-1, and 
filtering through Whatman no. 42 filter paper.  Bioavailable soil P was measured using the 
Fe-oxide impregnated filter paper method as described by Sharpley (1993) adapted to filter 
paper discs (5.5 cm diam., Whatman no. 50).  Paper disc preparation involved immersing 
discs in a solution containing FeCl3.6H2O, removing discs, letting them try at room 
temperature, immersing them in a 2.7M NH4OH solution to convert FeCl3 to Fe-oxide, and 
letting them dry at room temperature.  Soil BAP was extracted by shaking 1 g of dried soil 
and one paper disc in 30 mL of 0.01M CaCl2 for 16 hr, removing the disc, rinsing the disc 
free of attached particles, and removing adsorbed P by shaking discs in 30 mL of 0.1M 
H2SO4 for 1 h.  Total soil P was determined with the alkaline-oxidation digestion procedure 
(Dick and Tabatabai, 1977) adapted to an aluminum digestion block (Cihacek and Lizotte, 
1990).  An amount of 0.2 g of finely ground soil was put into a folin wu tube before adding 3 
mL of sodium hypobromite solution and being placed in an aluminum digestion block set to 
a temperature of 280°C.  Tubes were heated until contents evaporated (approximately 10 
min) and for a further 30 min before being removed from the block.  After being allowed to 
cool for 5 min, 1 mL 90 % formic acid, 4 mL deionized water and 25 mL of 1N H2SO4 were 
added to the tube and mixed before being filtered through Whatman no. 42 filter paper.  Soil-
test P, Ca, Al and Fe were measured by the Mehlich-3 extraction method following 
procedures recommended for the North Central Region (Frank et al., 1998).  The P in all 
extracts was determined colorimetrically using the Murphy and Riley (1962) method.  Soil 
pH was determined using a 1:1 soil/water ratio. 
Filtered surface runoff samples were analyzed for dissolved reactive P concentration 
(DRPC) with the ammonium-molybdate ascorbic-acid method (Murphy and Riley, 1962).  
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Unfiltered runoff samples were analyzed for bioavailable P concentration (BAPC) and total 
runoff P concentration (TRPC).  Procedures for BAPC in runoff were those as previously 
described for BAP in soil, but adapted to runoff using 50 mL centrifuge tubes, and 30 mL 
runoff (Sharpley, 1993).  For TRPC, runoff samples also were digested using the alkaline-
oxidation digestion method described previously as adapted by Laflen and Tabatabai (1984).  
The P in BAP and TRPC extracts was determined colorimetrically by the Murphy and Riley 
(1962) method.  Total solids (TS) in runoff were analyzed following the method of the 
American Public Health Association (APHA, 1998).  Runoff P loads were calculated for 
each simulation from runoff weight and P concentration data. 
 
Statistical Design and Analysis 
The experimental layout was that for a randomized complete-block design with three 
replications.  Because for the treatment involving a corn-soybean rotation both crops were 
grown each year, the analyses were conducted for nine treatments.  Treatment effects on soil 
P and runoff measurements were assessed by ANOVA using the GLM procedure of SAS 
(SAS Institute, 2002) for a randomized complete-block design assuming fixed treatment and 
block effects.  Treatment means were compared by LSD only when the main treatment effect 
was significant at P ≤ 0.05.  The ANOVA was conducted for each rainfall simulation (four), 
for means of fall or spring simulations (two for each season), and for means across all four 
simulations.  Relationships between selected soil and runoff measurements were studied by 
correlation and regression analysis using the CORR and GLM procedures of SAS. 
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Results and Discussion 
The cropping, harvest, and nutrient management treatments may have influenced P 
loss with surface runoff directly or indirectly through changes in several soil properties.  
Therefore, it is of interest to first discuss the most relevant soil properties that were measured 
for the microplots each time a rainfall simulation was conducted.  These include the 
measurement of soil P in two depths by several methods and crop residue cover. 
The criterion for nutrient application management applied in the past and during our 
study differed for the different treatments.  No fertilizer or manure was applied since 2005 to 
the Sw-Mh treatment, for which the soil P level was very high.  The protocol for all the 
fertilizer management systems was to apply fertilizer N as recommended for corn and 
switchgrass and P as needed to maintain STP (15-cm surface soil layer) within the optimum 
category as defined by Iowa State University (Sawyer et al., 2002), which for the soils in the 
study is 16-20 mg P kg-1 for Bray-1 or Mehlich-3 tests and 11-14 mg P kg-1 for the Olsen 
test.  For the manure management systems the criterion was to apply N-based manure for 
corn.  A higher annual N application rate was used for continuous corn than for corn after 
soybean.  Therefore, we expected higher soil P levels for the continuous corn treatments than 
for other treatments.  
Results for routine STP methods Mehlich-3 P (M-3P), water-extractable P (WEP), 
bioavailable P (BAP), and total P (TPS) concentrations for soil samples collected from 0-5 
cm and 5-15 cm depths are shown in Table 3.  One clear result for means across the four soil 
sampling dates and usually consistent for individual dates was that the soil P stratification 
was different for the manure and fertilizer systems.  Soil P concentrations for all methods 
generally were higher for the upper 0-5 cm than the lower 5-15 cm depth for the fertilizer 
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treatments, which is explained by a tendency of P to accumulate near the soil zone where it is 
applied and tillage with chisel-plow and disk harrows that did not invert the surface soil 
layer.  The soil P concentrations for the manure treatments were not consistently different 
between the 0-5 and 5-15 cm sampling depths, however, and on average were slightly higher 
for the 5-15 cm depth.  This is explained by injection of the manure to a depth that varied 
between approximately 12 and 15 cm.  Data in Table 3 shows that there was large variation 
in soil P levels across treatments within a rainfall simulation date and over time, and that 
there was mixed success at maintaining an optimum STP level for microplots of the P-based 
fertilizer treatments.  Also there was large variation across the replications for each treatment 
(not shown).  Such a large soil P variation could have been expected for various reasons.  
One is known poor predictability of crop P removal and P reactions in soil coupled with large 
within-plot variation, because the microplots for each rainfall simulation covered a very 
small area within each large field plot.  Large variation across treatments and replications and 
deviations from any long-term soil P target can also be explained by the timing of soil 
sampling, which mainly in spring was shortly after P application and tillage because we 
wanted to measure soil P that better represented P available for loss with surface runoff. 
Because of its importance for runoff P loss, and because there was no tillage between 
the soil sampling and rainfall simulation dates, we will highlight soil P results for the 0-5 cm 
layer.  The P concentration values differed greatly across soil P methods because of known 
differences in amounts extracted (Table 3).  All soil P methods were significantly correlated 
(P ≤ 0.05) across all sampling dates and both cropping and nutrient management systems.  
When the Sw-Mh treatment was excluded, because of soil P concentrations that were much 
higher than for all other treatments, the correlation coefficients of the overall relationships 
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between methods ranged from 0.73 to 0.95.  There were no obvious differences in the 
relationships between methods (correlation coefficients or trends) when the methods were 
compared for each crop (corn, soybean, or switchgrass) or nutrient (fertilizer or manure) 
management systems (not shown).  Apparent differences could be due to either differences 
between systems in the range of soil P values (higher and wider for manure and corn than for 
fertilizer or soybean, for example) or the number of observations (larger for manure and corn 
than for fertilizer systems or other crops).  Previous Iowa research (Atia and Mallarino, 2002) 
showed small and inconstant differences between STP methods at evaluating soil P after 
application of fertilizer or liquid swine manure treatments.  The best correlations were 
between WEP and BAP (r = 0.95), which was interesting because WEP extracts soluble P 
and the most weakly sorbed portions of soil P while BAP is a sink-based method (sorption by 
FeO-coated filter paper).  Both WEP and BAP were also very well correlated with M-3P (r = 
0.95 and 0.94, respectively).  The poorest correlation was between WEP and TPS (r = 0.73), 
which is reasonable because a good correlation should not be expected between the easily 
desorbable P fraction and total soil P, especially when P had been recently applied.  The 
other correlations between methods were intermediate (r ranged from 0.77 to 0.81). 
Soil P tended to be higher in the spring than in the fall, which is reasonable because P 
was applied in spring before planting the crops and before any crop P uptake.  As expected, 
the soil P concentrations for all methods were consistently highest and by a very large 
amount for Sw-Mh because of its long history of such applications even though no P was 
applied in recent years.  On average across all sampling dates, soil P measured by all four 
methods was lower for the fertilizer treatments and higher for the manure treatments, even 
when excluding the Sw-Mh treatment.  Differences in soil P among the fertilizer treatments 
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as measured by all four methods were very small on average, and some statistical 
significances were inconsistent across sampling dates.  Among the manure treatments 
(excluding Sw-Mh), soil P measured by all four methods was highest for CCTot-M or CCGr-
M, which were followed by corn and soybean of the corn-soybean rotation (CsGr-M and 
ScGr-M.  This ranking directly reflects the amount of manure P applied.  We expected lower 
soil P levels for CCTot-M because of greater P removal with harvest, but on average soil P 
measured by WEP and BAP was approximately equal for CCTot-M and CCGr-M and soil P 
measured by M-3P and TPS was highest for CCTot-M.  Perhaps the short duration of the 
experiment and/or high variability did not reflect well the increased P removal with harvest 
(not shown).  
The residue cover for each rainfall simulation varied greatly across treatments and 
seasons as affected by imposed harvest and tillage treatments and by uncontrollable factors 
such as wind (Table 4).  As expected, the residue cover for the two switchgrass treatments 
did not vary significantly between fall and spring seasons and was 93 and 85 %, respectively.  
The residue cover for treatments that included corn and soybean crops varied greatly between 
fall and spring, however.  Residue cover ranged from 30 to 97 % in the fall but only from 7 
to 40 % in spring.  The residue cover measurements did not reflect the corn harvest 
treatments applied as well as expected.  In both years we observed that the method used for 
the CCSt-F treatment actually removed much more stover than we planned, which is 
confirmed by data in Table 4.  The residue cover for CCSt-F was approximately similar to 
the CCTot-F treatment, although statistically sometimes it was lower, similar, or higher 
across the rainfall simulation dates.  The residue cover measurements did not reflect as well 
as expected the total biomass or only grain harvest treatments for corn.  On average across 
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the four seasons, residue cover was 54 % for CCGr-F and CCGr-M but 44 % for CCTot-F 
and CCTot-M, but sometimes it did not differ (for example, in the fall of 2008).  Perhaps the 
visual method used to estimate residue cover (Laflen et al., 1981; a standard method used in 
soil conservation research) did not reflect actual residue weight left on the ground.  For the 
corn-soybean rotation, higher amounts of residue remained in fall for corn (86 %), than 
soybean (79 %), while in spring the residue cover was approximately equal for both crops. 
 
Runoff Phosphorus Concentrations 
Results for Each Season 
 Mean runoff P concentrations for four rainfall simulations performed over the course 
of this study are shown in Table 5.  In fall 2007, the treatment effects were similar for both 
DRPC and BAPC.  The concentrations of these two runoff fractions were highest (P ≤ 0.05) 
for CCTot-M and second highest for CCGr-M.  Both DRPC and BAPC were lowest for 
CCGr-F.  Runoff DRPC and BAPC for the several other treatments were similar and ranked 
slightly higher than the lowest treatment.  The TPRC also was highest for CCTot-M and 
lowest for CCGr-F, but the ranking of the intermediate treatments sometimes differed from 
the ranking for DRPC and BAPC.  The second-highest TPRC corresponded to CCGr-M, 
CsGr-M, and Sw-Mh.  This season DRPC ranged from 43 to 69 % of TPRC (53 % on 
average) with manure and fertilizer treatments averaging 59 % and 47 %, respectively.  The 
Sw-Mh treatment was always excluded from average calculation for manure and fertilizer 
treatments. 
The spring 2008 rainfall simulation results showed that DRPC and BAPC were 
significantly lower than those observed in fall 2007.  On average, spring 2008 DRPC and 
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BAPC were 4.5 and 3.0 times lower respectively, than in fall 2007.  The ranking of 
treatments effects for spring 2008 sometimes differed from that observed the previous fall.  
Spring 2008 DRPC again was highest for CCTot-M and second-highest for CCGr-M, but 
also was second-highest for Sw-Mh while lowest for both Sw-F and CCSt-F.  The other three 
treatments ranked intermediate for DRPC, although DRPC for ScGr-M ranked slightly higher 
than CsGr-M and for CCTot-F.  This season, treatment effects on BAPC differed from 
effects on DRPC.  Runoff BAPC was highest for CCGr-M, second-highest for CCTot-M, and 
lowest for Sw-F.  Several other treatments ranked intermediate, although BAPC was higher 
for CCGr-F and CCTot-F than for CsGr-M, ScGr-M, and CCSt-F.  In contrast to results for 
the previous fall season, TPRC was lowest for Sw-F, intermediate for Sw-Mh and ScGr-M, 
while all other treatments ranked highest and statistically similar.  Also in contrast to results 
from the previous fall season,  on average DRPC accounted for only 8 % of TPRC (ranging 
from 4 to 17 %), with manure and fertilizer treatments averaging 7 % and 6 %, respectively. 
In fall 2008, treatment effects were similar for DRPC and BAPC but the ranking of 
the treatments was not exactly the same as in the previous fall.  Although again the highest 
concentrations corresponded to CCTot-M and CCGr-M, the CsGr-M treatment was 
intermediate while the other treatments ranked lowest and mostly statistically similar.  The 
TPRC this fall also was highest for CCTot-M and CCGr-M and second highest for CsGr-M, 
but was lowest for ScGr-M with intermediate values for the other treatments.  The DRPC 
expressed as the proportion of TPRC was somewhat lower than in fall 2007, and on average 
measured 40 % (ranged from 20 to 56 %).  In manure treatments, DRPC again accounted for 
a large percentage of TPRC at 51 %, while for fertilizer treatments it accounted for 31 % of 
TPRC. 
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The final simulation in spring 2009 resulted in approximately comparable runoff 
concentrations to the previous spring.  Spring 2009 DRPC and BAPC was 3.3 and 2.4 times 
lower than in fall 2008.  Runoff DRPC was highest and statistically similar for CCTot-M and 
CCGr-M, was lowest (and similar) for both CCTot-F and Sw-F, and was intermediate with only 
small differences for the other treatments.  Runoff BAPC also was highest for CCTot-M, CCGr-
M was second-highest, Sw-F was lowest, and the other treatments were intermediate with 
sometimes statistically significant but very small differences.  In contrast, TPRC was highest for 
CCGr-F, second-highest for CCTot-M, and lowest for the two switchgrass treatments (Sw-F and 
Sw-Mh).  All other treatments were intermediate.  As was the case the previous spring, DRPC 
accounted for a smaller percentage of TPRC as compared to fall but was slightly higher than in 
the previous spring, at an average of 15 % (a range from 7 to 29 %).  In contrast to results for the 
fall seasons, in spring 2009 the proportion of TPRC that was DRPC was as in the previous 
spring, approximately similar for manure and fertilizer treatments (14 and 12 %, respectively). 
 
Mean Results for Fall and Spring Simulations 
The results for each rainfall simulation showed that treatments effects on runoff P 
concentrations and their ranking sometimes was consistent across seasons but often were not.  
Also, the differences in treatment effects for each simulation sometimes were large but other 
times were very small in spite of a statistical significance.  Therefore, we believe that an 
analysis of treatment means by season, shown in Fig. 1, provides a better basis for a 
discussion and understanding of treatment effects.  When averaged over both fall seasons, 
mean DRPC was highest for CCTot-M, second-highest for CCGr-M, third for CsGr-M, and 
lowest with no statistical differences for all other treatments.  Fall means for BAPC were 
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highest and statistically similar for both CCTot-M and CCGr-M and lowest with no statistical 
differences for all other treatments.  These results for DRPC and BAPC match well generally 
higher soil P levels by all test methods (Table 3) because soil P was highest for CCTot-M 
and CCGr-M treatments, intermediate for CsGr-M and ScGr-M, and lowest with inconsistent 
differences across sampling dates for the fertilizer treatments.  These soil P and runoff P 
results are reasonable because N-based manure was applied every year, and this resulted in 
larger P applications than for the other row crop treatments.  Fall means for TPRC were 
highest for CCTot-M, second-highest for CCGr-M, and were lowest for CCGr-F.  The TPRC 
was intermediate and differed little for the other treatments, although it was slightly higher 
for Sw-Mh and CsGr-M than for the others.  In general, runoff P concentrations were well 
explained by soil P levels for DRPC and BAPC.  Unexpected and relatively low values for 
DRPC and BAPC from CCSt-F are explained by both low soil P levels and a dilution effect 
because fall total runoff was significantly higher for this treatment (Table 6). 
The treatment effects on DRPC and BAPC for the spring seasons were approximately 
similar to the fall season, but concentrations in spring for these two runoff fractions were 2.8 
to 5.3 and 1.2 to 3.8 times lower, respectively.  Spring DRPC and BAPC was clearly highest 
for CCTot-M and CCGr-M further supporting effects of soil P levels, while differences at a 
lower level for the other treatments were very small in spite of some statistical differences.  
As was the case in the fall, TPRC was highest for CCTot-M but the ranking of other 
treatments differed.  There were several treatments second-highest with no statistical 
differences (CCGr-M, CCGr-F, CCTot-F, and CsGr-M), which were followed by the 
statistically similar CCSt-F and ScGr-M, and the two switchgrass treatments (Sw-F and Sw-
Mh) that were lowest.  Greater amounts of residue cover in spring among switchgrass 
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treatments as opposed to row crop treatments resulted in less sediment loss (Table 7) and 
thus lower TPRC.  Low spring variation across treatments may be due to more consistent 
amounts of total runoff (no significant difference between any treatments) occurring as 
compared to fall (Table 6).  Reasons for more consistent amounts runoff across treatments in 
spring may include, but are not limited to, more consistent amounts of residue cover resulting 
from tillage and removal by wind, tillage effects generating uniformity among row crop 
treatments in relation to soil physical properties affecting moisture content and infiltration. 
The results confirmed some expected differences between treatments or seasons of 
the year, but did not confirm others.  A consistent result was the highest P concentrations for 
the three runoff fractions were for CCTot-M, which was statistically similar to or followed 
by CCGr-M.  Obvious DRPC and BAPC differences between fall and spring seasons (higher 
in fall than in spring) cannot be explained with certainty but we can speculate about possible 
reasons.  Lower DRPC and BAPC in spring cannot be explained by the amount of total 
runoff because in fact for most treatments it was higher in the fall (Table 6).  But on the other 
hand, TPRC did not change consistently across seasons; in fact most of the time it was higher 
in spring than in fall for row crop treatments (on average 1.5 times higher), while total solids 
and sediment loads (Table 7) were much higher in spring, with the exception of the two 
switchgrass treatments.  Higher spring TPRC confirms expected results from the recent 
application of P and may indirectly further support discrepancies in the loss of soluble forms 
of P seasonally.  No fall tillage and greater residue cover in the fall may have minimized the 
detachment and transport of soil particles and increased the relative proportions of DRPC and 
BAPC of TPRC in the fall.  Also, perhaps both the absolute and relative impact of P leaching 
from crop residues was more important in the fall than in spring resulting from early P 
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leaching.  The soluble P forms leaching from crop residue in the fall would be sorbed by soil 
particles and would result in less DRPC or BAPC in spring.  This possibility is supported by 
generally higher ratios of both soil WEP and BAP to M-3P at 3.8 and 7.1 % higher, 
respectively, in spring compared to fall.  The ratios of WEP and BAP to TPS are much less 
pronounced due to a very large difference in magnitude of scale, but generally also follow the 
same seasonal trend. 
 
Runoff Phosphorus Loads 
Results for Each Simulation 
Runoff P loads for each of the four rainfall simulations performed in this study are 
given in Table 8.  In fall 2007 both DRP and BAP loads (DRPL and BAPL, respectively) 
were highest (P ≤ 0.05) for CCTot-M and there were no differences between the several 
other treatments.  Total P runoff load (TPRL) was highest for CCTot-M, intermediate for 
CsGr-M and Sw-F, and lowest for all remaining treatments (which did not differ).  In spring 
2008, DRPL was statistically similar for all treatments.  However, BAPL was highest for 
CCGr-M; intermediate for CCTot-F, CCTot-M, and CsGr-M; and was lowest for all other 
treatments (which did not differ).  The TPRL was highest for CCGr-M; lowest for Sw-F, Sw-
Mh; and intermediate for the other treatments. 
Data for fall 2008 (Table 8) displayed more frequent and larger differences for all P 
loads as compared to the previous two simulations.  Most P loads also were much higher than 
for the previous two simulations, which clearly is explained by higher amounts of total runoff 
for this simulation (Table 6).  For this second fall season DRPL was highest for CCTot-M 
and CsGr-M, lowest for Sw-F and ScGr-M, and intermediate for all others.  The treatments 
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ranking for BAPL were approximately similar to those for DRPL, the main exception being 
that CCGr-F also was among the treatments showing the lowest BAPL.  The TPRL was 
highest for CCTot-M, CCSt-F, and CsGr-M; lowest for ScGr-M and CCGr-F; and 
intermediate for all remaining treatments.  In this fall season DRPL, BAPL and TPRL were 
on average 2.6, 2.4 and 3.1 times higher, respectively than in fall 2007 largely due to higher 
amounts of total runoff (Table 6) but also generally higher runoff P concentrations (Table 5).  
Results for the final simulation in spring 2009 showed DRPL to be highest for Sw-Mh, 
second highest for ScGr-M, lowest for Sw-F, and intermediate for all other treatments.  This 
season BAPL was highest for CsGr-M, CCTot-M, and Sw-Mh; lowest for Sw-F; and 
intermediate for the other treatments.  Greater variation due to treatments was observed for 
TPRL in spring 2009 as compared to all other simulations.  The TPRL was highest for 
CCGr-F, ScGr-M, CCTot-F, and CsGr-M; lowest for Sw-F; and intermediate for all other 
treatments. 
 
Mean Results for Fall and Spring Simulations   
 As for runoff P concentrations, we found it more pertinent to discuss treatment effects 
on P loads for means by season as opposed to by simulation due to aforementioned variation 
across simulations in P concentrations as well as large variation in total runoff.  Figure 2 
provides a visual representation of mean P loads by season.  The treatment effects on P loads 
were typically well related to P concentrations, but there were some inconsistencies and 
fewer significant differences that we believe were due to highly variable total runoff across 
simulations and also across replications of each treatment.  Previous research based on small 
plots has shown that treatment rankings usually are similar for runoff P concentrations and 
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loads but that loads are more variable due to significant site variation in both sediment 
concentration and total runoff (Allen and Mallarino, 2008; Kaiser et al., 2009). 
 Mean fall DRPL (Fig. 2) was highest for CCTot-M, second-highest for CsGr-M, 
lowest for CCGr-F and Sw-Mh, and intermediate for all other treatments.  Data for BAPL 
show approximately similar trends to DRPL, although only CCGr-F was lowest and BAPL 
for Sw-Mh was included in the intermediate ranking.  Fall TPRL was; highest for CCTot-M, 
second-highest for CsGr-M and CCSt-F, lowest for CCGr-F, and ranked intermediate for all 
remaining treatments.  The relatively high observed TPRL for CCSt-F as compared to TPRC 
for the same treatment (Fig. 2 and Fig. 1, respectively) can be explained by high amounts of 
total runoff and relatively higher sediment concentration and load for this treatment (Tables 6 
and 7, respectively).  We believe that such a high amounts of fall total runoff as well as 
sediment concentration and load for this treatment reflects decreased residue cover and 
increased surface soil disturbance by the residue raking and harvest operations than planned.  
Low observed P loads for CCGr-F are well explained by runoff P concentrations, soil P 
levels, and also total runoff amounts as total runoff was consistently lowest for this treatment. 
 Data in Fig. 2 show that both DRPL and BAPL were much less in spring than in the 
fall, although for TPRL differences between fall and spring were not as clear.  This result 
matches results discussed previously for runoff P concentrations in that the proportions of 
DRPL and BAPL of TPRL were much less in spring than in fall mainly due to tillage 
operations in spring shortly before conducting the rainfall simulations.  The mean DRPL, 
BAPL and TPRL were 6.1, 4.3, and 1.5 times higher, respectively in the fall than in spring.  
Mean spring overall levels for both DRPL and BAPL were small and the magnitudes of 
differences due to the treatments also were small.  The DRPL was highest for Sw-Mh, lowest 
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for Sw-F, and intermediate for all others.  The spring mean BAPL was highest and 
statistically similar for several treatments, lowest for Sw-F, and intermediate for CCGr-F and 
CCSt-F.  Also, although values were higher than for DRPL and BAPL, there were few 
treatment differences for TPRL in spring.  The TPRL also was highest and statistically 
similar for several treatments, lowest for Sw-F, and intermediate for Sw-Mh and CCTot-M.  
It is noteworthy that in spring both TPRL and TPRC (Fig. 2 and Fig. 1, respectively) were 
lowest for the two switchgrass treatments (Sw-F and Sw-Mh), in spite of the much higher 
soil P level for Sw-Mh compared with all other treatments (Table 3).  This consistent result is 
explained by the permanent grass soil cover and reduced sediment loss (Table 7).  
 
Runoff Phosphorus in Relation to Soil Test Phosphorus 
 Aforementioned differences found between STP methods for manure and fertilizer 
treatments, as well as for fall and spring seasons warranted an analysis into the relationship 
between soil P as evaluated by the four soil P tests and runoff P.  We correlated mean (across 
replications) STP values (0-5 cm depth) for the four P tests to the three P concentration and 
load fractions in runoff for each rainfall simulation and fit linear regression equations.  We 
excluded the Sw-Mh treatment because STP levels for this treatment were much higher than 
for all other treatments.  Regression analyses for all data (across all four simulations) showed 
that seldom was there a significant correlation (P ≤ 0.05) between soil P by any of the soil P 
tests and runoff P concentrations or loads (not shown).  Also, seldom was there a correlation 
when we analyzed data by treatments groups, such as corn residue, soybean residue, fertilizer 
management, or manure management (not shown).  However, there were some highly 
significant relationships when STP was related to runoff P concentrations and loads across all 
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treatments for either fall or spring seasons separately.  Table 9 shows linear regression 
equations and statistics.  In contrast to usually significant (P ≤ 0.05) relationships for runoff 
P concentrations, the relationships for runoff P loads sometimes were not significant.  We 
attributed this result to the already discussed highly variable amounts of total runoff. 
 In agreement with previously discussed high correlation between M-3P, WEP, and 
BAP soil P methods (and slightly poorer correlation with TSP), it is not surprising that 
relationships between each of these three methods and runoff P were approximately similar.  
Previous Iowa research also showed approximately similar correlations between these soil P 
methods and runoff P (Klatt et al., 2002; Klatt et al., 2003; Allen et al., 2006; Kaiser et al., 
2009).  Therefore, we will highlight discussion of relationships between the M-3P method 
and the three P concentration fractions, which are shown in Fig. 3.  For P concentrations in 
both seasons, the strongest correlation was found for DRPC and BAPC.  The TPRC was 
significantly correlated to M-3P in the fall but not in spring, as was usually the case for the 
other three soil P tests (Table 9 and Fig. 3).  The poorer relationship in spring for TPRC 
might be due to spring P applications and tillage, and also greater and more variable runoff 
total solids concentrations. 
Relationships between STP and mainly the dissolved or bioavailable P fractions in 
runoff showed contrasting differences between the relative impact of a STP level increase on 
runoff P between seasons.  This is demonstrated by consistently steeper slopes of the linear 
relationships (regression coefficients) in the fall than in spring (Table 9, Fig. 3).  In 
particular, it was evident that an increase in soil P for all four tests in fall led to larger 
increases in DRPC and BAPC in runoff compared to spring.  Runoff P loads, depending 
greatly on P concentrations, typically followed these same trends, although they were more 
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variable.  We can only speculate about reasons for this difference.  We believe that the main 
reason is the recent tillage and P application in spring as compared to fall, and the higher 
proportion of DRPC and BAPC of TPRC in the fall.  Runoff P loss results from many 
interacting factors, which include levels and chemical properties of soil P derived from soil, 
recently applied P, but also many hydrological factors and other soil properties.  Therefore, 
we believe that the impact of the soil P level on runoff P loss predominated in the fall, 
probably due to more stable and uniform soil conditions after crop harvest and before tillage 
or P application.  The tight relationships between soil P and the dissolved or bioavailable P 
fractions in runoff across all the different cropping and nutrient management systems confirm 
comments made while discussing treatment effects in that the soil P levels associated with 
the management practices applied had a major influence on treatment effects on runoff P. 
 
Summary and Conclusions 
Fertilizer and manure application affected soil P levels differently in the upper 15 cm 
of the soil profile.  Fertilizer application tended to increase soil P in the upper 0-5 cm depth 
while manure application tended to have a greater influence on soil P levels in the 5-15 cm 
depth.  This difference reflected the management practices, because the manure was injected 
into the soil while the fertilizer was broadcast and a chisel-plow/disk tillage, which did not 
invert the surface soil layer, was applied to both nutrient management systems.  Effects of 
total biomass harvesting on soil P were lower than expected (less than expected impact of 
greater P removal) possibly due to the relatively short time over which this study was carried 
out.  This result can also be explained by the imposed harvest management practices, 
however.  For example, the method of harvesting biomass in the grain plus partial stover 
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removal treatment proved to be too aggressive and resulted in lesser amounts of residue 
remaining on the soil surface than expected.  Moreover, differences in amounts of residue 
cover between treatments with total biomass harvest and grain only harvest were smaller than 
expected.  The amounts of total runoff, total solids concentrations, and sediment loads in 
general reflected the management practices applied and the observed residue cover.  Total 
runoff was typically higher in fall compared to spring.  With the exception of switchgrass 
treatments, total solids concentrations and sediment loads were also higher in spring 
compared to fall, reflecting the impact of spring tillage practices.  The results did show 
generally lower total solids concentrations and sediment loads from the switchgrass 
treatments, which reflected the permanent soil cover even though the switchgrass 
establishment was recent. 
A consistent result from the study was that P concentrations and loads in surface 
runoff were significantly greater for continuous corn receiving liquid swine manure at N-
based rates, which resulted in higher STP compared to manure-N managed corn before 
soybean or systems receiving P fertilizer.  In general, DRP and BAP concentrations and loads 
in surface runoff from the corn-soybean rotation were larger for soil having corn residue 
(CsGr-M) than for soil having soybean residue (ScGr-M), while results for TPR 
concentrations and loads were not always consistently higher in this respect.  The runoff P 
concentrations and loads for corn managed for total biomass removal usually were greater 
than for other treatments, but not always and the difference was not consistent or as large as 
expected. Results for other treatments were inconsistent across runoff fractions, seasons, or 
runoff P concentrations and loads.  For example, there were no differences or very small 
differences among all other treatments (including switchgrass) for all three runoff P fractions 
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concentrations and loads in the fall seasons.  In spring, however, the concentrations in runoff 
of bioavailable and total P fractions (not the dissolved P fraction) for the two switchgrass 
treatments were lower than all other treatments, and these trends were also observed for P 
loads, but not so clearly. 
Both DRPC and BAPC were significantly higher in fall seasons as opposed to spring 
(on average 3.7 and 2.6 times higher, respectively), while TPRC was higher in spring seasons 
(1.3 times higher), partly explained by the increased loss of particulate forms of P with spring 
tillage practices, as well as reduced residue cover as compared to fall.  Relative differences in 
DRPC and BAPC for fall and spring seasons may have been due to the absolute and relative 
impact of P leaching from crop residues, as well as to soil P sorption processes being 
relatively more important in the fall than in spring, evidenced by differing ratios for soil P 
tests between fall and spring seasons and indirectly by seasonal differences for TPRC.  
Results for DRPL, BAPL and TPRL usually followed results for concentrations but 
sometimes did not, probably due to often highly variable total runoff amounts between 
simulations and treatments, and across plots treated alike.  In general, the ranking of 
treatments for runoff P loads were as for runoff P concentrations; higher in fall seasons for 
DRPL and BAPL although contrary to TPRC, TPRL was also higher in fall as opposed to 
spring.  On average, fall DRPL, BAPL and TPRL were 6.1, 4.3 and 1.5 times higher, 
respectively, as compared to spring. 
Runoff P concentrations often increased significantly with increasing soil P 
concentration in the 0-5 cm soil layer, whereas the relationship between P loads and soil P 
levels was not as consistent, probably due to high variation in total runoff.  Interestingly, 
increasing soil P levels had a greater impact on runoff DRPC and BAPC concentrations in 
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fall compared to spring, while this trend was not as well supported by relationships for 
TPRC.  We could not explain this difference with certainty, but believe they were explained 
by simulated spring runoff shortly after tillage and P application that reduced the impact of 
soil P level on P loss. 
Overall, the results indicated that that runoff P loss in this experiment was more 
dependent on STP levels resulting from nutrient and tillage management than on the applied 
cropping and biomass harvest systems.  Our results demonstrated the complex nature of 
applying manure and commercial fertilizer nutrients according to crop needs, as well as for 
assessing the environmental implications resulting from nutrient management and crop 
biomass harvesting systems.  The results of this study also indicated that a more 
comprehensive field-scale study may be needed to more accurately assess biomass harvesting 
and nutrient management systems impacts on P losses with surface runoff. 
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† Fertilizer NP, triple super phosphate and urea-ammonium nitrate or ammonium nitrate (for switchgrass) 
fertilizers; Manure N-Based, liquid swine manure; None, long history of  liquid swine manure application but 
none applied for this study. 
‡ Abbreviation will be used in throughout remaining tables, and reference to a crop indicates the residue to 
which simulated rainfall was applied. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Cropping, harvest, and nutrient management systems. 
Cropping System Harvest Practice Nutrient System † Abbreviation ‡ 
Continuous Corn Grain only Fertilizer NP CCGr-F 
Continuous Corn Grain only Manure N-Based CCGr-M 
Continuous Corn Total Aboveground Biomass Fertilizer NP CCTot-F 
Continuous Corn Total Aboveground Biomass Manure N-Based CCTot-M 
Continuous Corn Grain Plus Partial Stover Removal Fertilizer NP CCSt-F 
Corn before Soybean Grain only-Corn Manure N-Based CsGr-M 
Soybean before Corn Grain only-Soybean Manure N-Based ScGr-M 
Switchgrass Biomass Fertilizer NP Sw-F 
Switchgrass Biomass None Sw-Mh 
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Table 2. Manure chemical analyses, application rates, and total nutrients applied. 
 Manure Analysis †  Nutrients Applied ‡ 
 Fall 2007 - Spring 2008 
Treatment Moisture TN TP MWSP pH   Target Total N Total P TWSP 
 ------------- g kg-1 -------------    ------------------- kg ha-1 ----------------- 
CCGr-F - - - - -  - 224 67 60 
CCGr-M 4019 13 4 2.4 6.4  224 170 52 14 
CCTot-F - - - - -  - 224 37 33 
CCTot-M 4024 16 4 2.4 6.5  224 216 60 14 
CCSt-F - - - - -  - 224 19 17 
CsGr-M 4067 13 4 2.4 6.4  168 131 40 11 
ScGr-M 0 0 0 0 0  0 0 0 0 
Sw-F - - - - -  - 150 19 17 
Sw-Mh - - - - -   - 150 0 0 
 Fall 2008 - Spring 2009 
CCGr-F - - - - -  - 224 27 24 
CCGr-M 3758 17 4 3.0 6.4  224 186 47 16 
CCTot-F - - - - -  - 224 42 38 
CCTot-M 3915 16 4 2.0 6.5  224 171 38 28 
CCSt-F - - - - -  - 224 34 31 
CsGr-M 0 0 0 0 0  0 0 0 0 
ScGr-M 3919 15 3 2.0 6.5  168 131 30 20 
Sw-F - - - - -  - 150 0 0 
Sw-Mh - - - - -   - 150 0 0 
† TN, total N; TP, total P; MWSP, manure water-soluble P; analysis on a dry weight basis. 
‡ Manure applied at target N-based rates only before corn;  TWSP, total water-soluble P. 
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Table 3. Mean microplot soil-test P for all treatments, simulations, and overall. 
Simulation       M-3 P † WEP  BAP  TPS 
  Treatment    0-5 ‡   5-15  0-5 5-15  0-5 5-15  0-5  5-15 
  
Fall 2007 
-------------------------------------------------- mg kg-1 ------------------------------------------------------  
 CCGr-F   51b §   33a 9.2bc 4.8a 31.9cd 17.4ab 512ab 383a 
 CCGr-M   54bc   66bc 9.9bc 10.0bc 28.3bcd 32.4bcd 496ab 514b 
 CCTot-F   31ab   17a 5.0a 3.0a 17.3ab 9.3a 452a 372a 
 CCTot-M   77c   84c 13.3c 13.4c 38.7d 42.2d 592b 527bc 
 CCSt-F   24a   15a 3.8a 2.9a 13.2a 6.9a 438a 316a 
 CsGr-M   49ab   67bc 7.7ab 10.7bc 25.8abcd 35.1cd 508ab 519bc 
 ScGr-M   45ab   43ab 7.9ab 6.1ab 22.7abc 18.8abc 497ab 389a 
 Sw-F   25a   16a 5.1a 3.1a 12.2a 8.3a 449a 312a 
 Sw-Mh   189d   135d 34.8d 25.0d 83.9e 68.1e 808c 604c 
Spring 2008 
 CCGr-F   34a   9a 6.6a 3.0a 18.9a 5.4a 441abc 397a 
 CCGr-M   73b   58cd 20.1c 13.2bc 46.4a 36.5a 517de 499cd 
 CCTot-F   31a   12a 7.1a 3.7a 19.1a 7.2a 425ab 415ab 
 CCTot-M   75b   80d 19.5bc 17.4c 49.7a 45.8a 536e 567d 
 CCSt-F   25a   9a 5.0a 3.0a 12.9a 5.8a 413a 407a 
 CsGr-M   54ab   43bc 11.3abc 8.9ab 29.8a 23.4a 501bcde 495bcd 
 ScGr-M   45ab   37bc 9.8a 7.2ab 25.0a 22.3a 453abcd 467abc 
 Sw-F   50ab   26ab 10.9ab 5.6a 29.9a 15.3a 502cde 456abc 
 Sw-Mh   156c   104e 39.9d 30.3d 153.2b 139.9b 735f 686e 
Fall 2008 
 CCGr-F   29a   12a 4.7a 1.7a 16.8a 6.0a 394ab 348a 
 CCGr-M   78c   98c 17.2c 29.9b 41.0c 63.7e 482c 590de 
 CCTot-F   28a   22a 5.0a 4.3a 14.4a 10.0abc 368a 383ab 
 CCTot-M   68bc   84bc 13.9bc 14.0a 32.9bc 36.4d 450bc 505cd 
 CCSt-F   28a   15a 4.6a 2.1a 17.0ab 7.2a 384ab 374ab 
 CsGr-M   50abc   59b 9.4ab 10.5a 27.7abc 30.7bcd 447bc 472bc 
 ScGr-M   47ab   62b 8.0ab 9.9a 24.1ab 31.0cd 418abc 464bc 
 Sw-F   31a   17a 5.8a 3.2a 16.0a 9.6ab 364a 349a 
 Sw-Mh   147d   130d 38.0d 31.1b 70.3d 65.2e 664d 614e 
Spring 2009         
 CCGr-F   35a   13a 6.6a 2.1a 25.4abc 8.0a 433a 408ab 
 CCGr-M   82c   98c 17.7d 18.7c 35.5cd 52.1cd 541d 588de 
 CCTot-F   31a   17a 5.5a 2.5a 21.9ab 9.5a 414a 400a 
 CCTot-M   74c   69bc 14.1cd 12.0bc 39.4c 34.1bc 521bcd 514cd 
 CCSt-F   32a   13a 7.3ab 2.7a 24.0ab 8.6a 445ab 409abc 
 CsGr-M   61bc   61b 12.2bc 10.1abc 31.2abc 31.2b 525cd 510bcd 
 ScGr-M   41bc   58b 7.5ab 11.7bc 21.6ab 31.1b 451abc 493abcd 
 Sw-F   33a   21a 6.3a 3.9ab 18.8a 10.8a 436a 390a 
 Sw-Mh   127d   137d 30.2e 32.1d 61.1d 67.1d 690e 677e 
  
52 
Table 3 continued.  Mean microplot soil-test P for all treatments, simulations, and overall. 
Simulation     M-3 P WEP  BAP  TPS 
 Treatment    0-5   5-15  0-5 5-15  0-5 5-15  0-5  5-15 
 
Overall 
-------------------------------------------------- mg kg-1 ------------------------------------------------------  
 CCGr-F   37abc   17a 6.8ab 2.9a 23.3ab 9.2a 445ab 384a 
 CCGr-M   72d   80c 16.3c 18.0d 37.8ab 46.2b 509cd 548d 
 CCTot-F   30ab   17a 5.7a 3.4a 18.2ab 9.0a 415a 392a 
 CCTot-M   74d   79c 15.2c 14.2cd 40.2b 39.7b 525d 528cd 
 CCSt-F   27a   13a 5.2a 2.7a 16.8a 7.1a 420a 377a 
 CsGr-M   54c   58b 10.1b 10.1b 28.6ab 30.1ab 495bcd 499c 
 ScGr-M   45c   50b 8.3ab 8.7b 23.4ab 25.8ab 455abc 453b 
 Sw-F   35ab   20a 7.0ab 4.0a 19.2ab 11.0a 438ab 377a 
  Sw-Mh   155e   127d 35.7d 29.6e 92.1c 85.1c 724e 645e 
† M-3 P, Mehlich-3 extractable P; WEP, water extractable P; BAP, bioavailable P; TPS, total P soil.  
‡ 0-5 and 5-15, soil sampling depth in cm. 
§ For individual periods, numbers in each column followed by the same letter are not statistically different at 
the 0.05 probability level. 
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Table 4. Mean residue cover for all treatments by simulation and season. 
 Simulation  Season Means 
Treatment  Fall 2007 Spring 2008 Fall 2008 Spring 2009   Fall Spring 
 ---------------------------------------------------- % --------------------------------------------------- 
CCGr-F  70ab † 20ab  97b 35b       83bc    28c 
CCGr-M  8bc 9a  85b 32b       86bc    21abc 
CCTot-F  77abc 10a  77b 7a       77b    8a 
CCTot-M  75abc 9a  80b 12a       77b    11a 
CCSt-F  65a 15ab  30a 7a       47a    11a 
CsGr-M  83abc 20ab  88b 30a       86bc    25bc 
ScGr-M  70ab 37b  87b 10b       78bc    23bc 
Sw-F  78abc 80c  95b 92c       87bc    86d 
Sw-Mh  93c 83c  93b 93c        93c    88d 
† Numbers in each column followed by the same letter are not statistically different at the 0.05 probability level. 
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Table 5. Mean runoff P concentrations for all treatments and simulations. 
Simulation Runoff P Concentrations † 
  Treatment DRPC BAPC TPRC 
  
Fall 2007 
----------------------- mg L-1 --------------------- 
 CCGr-F      0.25a ‡   0.28a   0.52a 
 CCGr-M      0.91bc   0.99bc   1.32b 
 CCTot-F      0.41ab   0.45ab   0.94ab 
 CCTot-M      1.43c   1.51c   2.23c 
 CCSt-F      0.43ab   0.47ab   0.95ab 
 CsGr-M      0.62ab   0.76ab   1.25b 
 ScGr-M      0.45ab   0.49ab   0.82ab 
 Sw-F      0.50ab   0.55ab   0.95ab 
 Sw-Mh      0.67ab   0.70ab   1.37b 
Spring 2008 
 CCGr-F  0.11ab   0.28bcd   1.92c 
 CCGr-M  0.20bc   0.41d   2.57c 
 CCTot-F  0.11ab   0.25bc   2.10c 
 CCTot-M  0.22c   0.36cd   2.49c 
 CCSt-F  0.08a   0.19ab   1.96c 
 CsGr-M  0.11ab   0.23abc   2.07c 
 ScGr-M  0.13abc   0.20ab   1.78bc 
 Sw-F  0.08a   0.09a   0.92a 
 Sw-Mh  0.18bc   0.25bc   1.05ab 
Fall 2008 
 CCGr-F  0.45a   0.37a   1.07ab 
 CCGr-M  1.21c   1.22c   2.15d 
 CCTot-F  0.52a   0.48a   1.32abc 
 CCTot-M  1.21c   1.22c   2.25d 
 CCSt-F  0.30a   0.31a   1.26abc 
 CsGr-M  0.88b   0.83b   1.60c 
 ScGr-M  0.38a   0.31a   0.97a 
 Sw-F  0.26a   0.32a   1.29abc 
 Sw-Mh  0.49a   0.63ab   1.42bc 
Spring 2009 
 CCGr-F  0.15ab   0.26bc   2.01d 
 CCGr-M  0.25d   0.34cd   1.36b 
 CCTot-F  0.13a   0.20ab   1.62bcd 
 CCTot-M  0.28d   0.42d   1.93cd 
 CCSt-F  0.18abc   0.21ab   1.33b 
 CsGr-M  0.14ab   0.23ab   1.48bc 
 ScGr-M  0.21bcd   0.28bc   1.57bcd 
 Sw-F  0.12a   0.14a   0.67a 
 Sw-Mh  0.23cd   0.24b   0.78a 
† DRPC, dissolved reactive P; BAPC, bioavailable P; TPRC, total runoff P. 
‡ For individual periods, numbers in each column followed by the same 
letter are not statistically different at the 0.05 probability level. 
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Table 6. Mean total runoff for all treatments by simulation and season. 
 Simulation  Season Means 
Treatment Fall 2007 Spring 2008 Fall 2008 Spring 2009   Fall Spring 
 ------------------------------------------------- Mg ha-1 ------------------------------------------------- 
CCGr-F 40ab † 55 88a 56ab   64a 56 
CCGr-M 32a 82 87a 25a   60a 54 
CCTot-F 69ab 90 142ab 59ab   105ab 75 
CCTot-M 91ab 47 130ab 45ab   111abc 46 
CCSt-F 132b 73 198b 57ab   165c 65 
CsGr-M 83ab 60 165ab 69b   124bc 65 
ScGr-M 79ab 96 90a 60ab   85ab 78 
Sw-F 92ab 62 124ab 31a   108abc 47 
Sw-Mh 56ab 45 121ab 80b   89ab 63 
† Numbers in each column followed by the same letter are not statistically different at the 0.05 probability level. 
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Table 7. Mean total solids concentrations and sediment loads by season and overall. 
 Total Solids Concentration  Sediment Load 
Treatment      Fall   Spring   Overall       Fall   Spring   Overall 
 ----------------- mg L-1 ----------------   ---------------- kg ha-1 ---------------- 
CCGr-F   1373a ‡  2765c  2069bc      63ab  160ab  111ab 
CCGr-M   1362a  2355bc  1858bc      59a  162ab  111ab 
CCTot-F   1362a  2557bc  1959bc      114ab  191b  152b 
CCTot-M   1432ab  2558bc  1995bc      144ab  120ab  132ab 
CCSt-F   1678b  2643bc  2161c      253c  192b  223c 
CsGr-M   1358a  2422b  1890bc      130ab  139ab  135ab 
ScGr-M   1332a  2186b  1759b      108ab  185b  147b 
Sw-F   1465ab  1270a  1368a     156b  70a  113ab 
Sw-Mh   1378a  1267a  1323a      93ab  61a  77a 
† Fall and spring values average of 6 replicates; overall values average of 12 replicates. 
‡ Numbers in each column followed by the same letter are not statistically different at the 0.05 probability level. 
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Table 8. Mean runoff P loads for all treatments and simulations. 
Simulation Runoff P Loads † 
  Treatment DRPL BAPL TPRL 
  
Fall 2007 
---------------------- g ha-1 ----------------------- 
 CCGr-F        11a ‡       13a       20a 
 CCGr-M        34a       36a       43a 
 CCTot-F        33a       36a       68a 
 CCTot-M        128b       137b       203b 
 CCSt-F        25a       28a       65a 
 CsGr-M        43a       61a       116ab 
 ScGr-M        33a       36a       63a 
 Sw-F        52a       56a       101ab 
 Sw-Mh        11a       12a       25a 
Spring 2008     
 CCGr-F        6       13a       116ab 
 CCGr-M        16       33b       207b 
 CCTot-F        8       18ab       153ab 
 CCTot-M        12       17ab       120ab 
 CCSt-F        6       12a       152ab 
 CsGr-M        6       11a       105ab 
 ScGr-M        12       17ab       159ab 
 Sw-F        5       5a       54a 
 Sw-Mh         10       12a       66a 
Fall 2008    
 CCGr-F        41ab       35a       90a 
 CCGr-M        110bc       112bcd       185ab 
 CCTot-F        87abc       78abc       180ab 
 CCTot-M        148c       148d       274b 
 CCSt-F        60ab       62ab       258b 
 CsGr-M        140c       133cd       259b 
 ScGr-M        33a       28a       85a 
 Sw-F        32a       41a       160ab 
 Sw-Mh        57ab       69abc       164ab 
Spring 2009    
 CCGr-F        8ab       15ab       114c 
 CCGr-M        7ab       9ab       36ab 
 CCTot-F        8ab       12ab       95c 
 CCTot-M        13abc       19b       87bc 
 CCSt-F        10abc       11ab       75abc 
 CsGr-M        8ab       14ab       93c 
 ScGr-M        16bc       20b       107c 
 Sw-F        4a       4a       21a 
 Sw-Mh        18c       19b       59abc 
† DRPL, dissolved reactive P; BAPL, bioavailable P; TPRL, total runoff P.  
‡ For individual periods, numbers in each column followed by the same 
letter are not statistically different at the 0.05 probability level. 
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† DRPC, dissolved reactive P; BAPC, bioavailable P; TPRC, total runoff P. DRPL, dissolved reactive P; BAPL, bioavailable P; TPRL, total runoff P. 
* Significant at the 0.10 probability level. 
** Significant at the 0.05 probability level. 
 
 
 
 
 
 
 
 
 
Table 9. Runoff P concentrations and loads as a function of soil-test P for fall and spring seasons. 
  Soil P Method 
 Runoff Mehlich-3P  Water Extractable P  Bioavailable P  Total P Soil 
  Fraction † Regression Equation    r2   Regression Equation    r2   Regression Equation    r2   Regression Equation    r2 
Fall 
 DRPC -0.124 + 0.017x 0.68**  0.007 + 0.0774x 0.65**  -0.075 + 0.030x 0.53**  -0.838 + 0.00326x 0.28** 
 BAPC -0.130 + 0.0177x 0.68**  0.015 + 0.0791x 0.63**  -0.077 + 0.0310x 0.53**  -1.054 + 0.00378x 0.35** 
 TPRC 0.412 + 0.020x 0.49**  0.530 + 0.0952x 0.52**  0.501 + 0.0339x 0.36**  0.514 + 0.00175x 0.04 
 DRPL 0.551 + 1.405x 0.32**  9.42 + 6.61x 0.33**  9.31 + 2.27x 0.22*  32.33 + 0.068x 0.01 
 BAPL -0.734 + 1.470x 0.37**  9.66 + 6.77x 0.36**  8.21 + 2.39x 0.25**  10.32 + 0.12x 0.03 
 TPRL 79.7 + 1.25x 0.08  84.7 + 6.26x 0.09  95.3 + 1.70x 0.04  292.4 – 34.58x 0.07 
Spring 
 DRPC 0.033 + 0.00257x 0.64**  0.066 + 0.00872x 0.51**  0.035 + 0.00435x 0.54**  -0.283 + 0.000933x 0.50** 
 BAPC 0.084 + 0.00351x 0.52**  0.118 + 0.0118x 0.50**  0.076 + 0.00637x 0.51**  -0.289 + 0.00115x 0.33** 
 TPRC 1.37 + 0.0075x 0.08  1.31 + 0.040x 0.16  1.13 + 0.021x 0.19*  0.859 + 0.00186x 0.03 
 DRPL 4.14 + 0.099x 0.26**  4.72 + 0.41x 0.31**  2.88 + 0.22x 0.37**  -8.22 + 0.037x 0.21* 
 BAPL 7.59 + 0.142x 0.16  7.43 + 0.67x 0.25**  4.99 + 0.34x 0.27**  -5.34 + 0.042x 0.08 
  TPRL 108.0 – 0.047x 0   91.0 + 1.41x 0.02   88.0 + 0.63x 0.02   157.9 – 0.11x 0.01 
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Figure 1. Treatment effects on mean runoff P concentrations by season. Letters above bars 
represent LSD at the 0.05 probability level. CC, continuous corn; Gr, grain harvest; Cs, corn 
before soybean; Sc, soybean before corn; Tot, total biomass harvest; St, grain plus a fraction 
of stover harvest; Sw, switchgrass; Mh, long manure history; F, fertilizer management; M, N-
based liquid swine manure management for corn. Reference to a crop indicates the residue to 
which simulated rainfall was applied. 
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Figure 2. Treatment effects on mean runoff P loads by season. Letters above bars represent 
LSD at the 0.05 probability level. CC, continuous corn; Gr, grain harvest; Cs, corn before 
soybean; Sc, soybean before corn; Tot, total biomass harvest; St, grain plus a fraction of 
stover harvest; Sw, switchgrass; Mh, long manure history; F, fertilizer management; M, N-
based liquid swine manure management for corn. Reference to a crop indicates the residue to 
which simulated rainfall was applied. 
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Figure 3. Relationships between runoff P concentrations and Mehlich-3 soil P (0-5 cm 
depth). Equations and statistics are shown in Table 9. 
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CHAPTER 3.  GENERAL CONCUSIONS 
 
Growing interest in bioenergy production with cellulosic biomass from crop residues 
such as corn, in addition to grain harvest practices, has the potential to alter water, sediment, 
and nutrient losses from fields.  Elevated nutrient concentrations, such as nitrogen (N) and 
phosphorus (P), in surface waters can greatly accelerate the process of eutrophication.  
Surface water runoff is a principal conduit for the transport of eroded soil and P that can 
impair water bodies.  Phosphorus has been found to be the limiting nutrient in freshwater 
ecosystems and when present even in relatively small amounts the potential for water quality 
degradation is increased.  Commercial inorganic sources of P are also routinely applied to 
agricultural fields in order to supplement crop-available soil P where P additions are needed 
and manure is not used and/or readily available.  Animal manures generated by livestock 
held in confined animal operations can be significant sources of both N and P for land 
application.  Interest in utilizing manure nutrients to minimize fertilizer use necessitated 
research investigating potential differences between fertilizer and manure management 
systems.  However, no work had been conducted in Iowa or the Midwestern U.S. to 
investigate possible interactions between nutrient management systems and crop biomass 
harvesting systems for bioenergy production as related to potential impacts on water quality.  
Therefore, the objective of this research was to evaluate the impact of a range of cropping 
and corn biomass harvest systems on P loss with surface runoff as affected by N-P 
management based on inorganic fertilizers or liquid swine manure. 
Fertilizer and manure application affected soil P levels differently in the upper 15 cm 
of the soil profile due to differences in management practices because the manure was 
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injected into the soil whereas the fertilizer was broadcast and a chisel-plow/disk tillage, 
which did not invert the surface soil layer, was applied to both nutrient management systems.  
Effects of total biomass harvesting on soil P was lower than expected possibly due to the 
relatively short time over which this study was carried out.  The different biomass harvesting 
systems resulted in percent residue cover that was not always as expected.  The amounts of 
total runoff, total solids concentrations, and sediment loads in general reflected the 
management practices applied and the observed percent residue cover.  Total runoff was 
typically higher in fall seasons as compared to spring.  With the exception of switchgrass 
treatments, total solids concentrations and sediment loads were also higher in spring as 
compared to fall reflecting the impact of spring tillage practices.  The results showed 
generally lower total solids concentrations and sediment loads from the switchgrass 
treatments, which reflected the permanent soil cover even though the switchgrass 
establishment was recent. 
A consistent result from the study was that P concentrations and loads in surface 
runoff were significantly greater for continuous corn receiving liquid swine manure at N-
based rates, which resulted in higher soil-test P as compared manure-N managed corn before 
soybean or systems receiving P fertilizer.  The runoff P concentrations and loads for corn 
managed for total biomass removal usually was greater than for other treatments, but not 
always and the difference was not consistent or as large as expected.  Results for other 
treatments were inconsistent across runoff fractions, seasons, or runoff P concentrations and 
loads.  For example, there were no differences or very small differences among all other 
treatments (including switchgrass) for all three runoff P fractions concentrations and loads in 
the fall seasons.  In spring, however, the concentration in runoff of bioavailable and total P 
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fractions (not the dissolved P fraction) for the two switchgrass treatments were lower than all 
other treatments, and these trends were also observed for P loads but not so clearly. 
Both runoff dissolved reactive P concentration (DRPC) and bioavailable P 
concentration (BAPC) were significantly higher in fall seasons as opposed to spring, while 
total runoff P concentration (TPRC) was higher in spring seasons partly explained by the 
increased loss of particulate forms of P with spring tillage practices, as well as reduced 
residue cover as compared to fall.  Relative differences in DRPC and BAPC for fall and 
spring seasons may have been well explained by the absolute and relative impact of P 
leaching from crop residues, as well as soil P sorption processes being relatively more 
important in the fall than in spring.  Results for runoff P loads usually followed results for 
concentrations but sometimes did not, probably due to often highly variable total runoff 
amounts between simulations and treatments, and across plots treated alike.  The ranking of 
treatments for runoff P loads usually were as for runoff P concentrations; higher in fall 
seasons for runoff dissolved reactive P load (DRPL) and bioavailable P load (BAPL), 
although contrary to TPRC, total runoff P load (TPRL) was also higher in fall as opposed to 
spring. 
Runoff P concentrations often were increased significantly with increasing soil P 
concentration in the 0-5 cm soil layer while the relationship between P loads and soil P levels 
were not so consistent probably due to high variation in total runoff.  Interestingly, increasing 
soil P levels had a greater impact on runoff DRPC and BAPC concentrations in fall as 
compared to spring while this trend was not as well supported by relationships for TPRC.  
We could not explain this difference with certainty, but believe they were explained by 
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simulated spring runoff shortly after tillage and P application that reduced the impact of soil 
P level on P loss. 
Overall, the results indicated that that runoff P loss in this experiment was more 
dependent on soil test P levels resulting from nutrient and tillage management than on the 
applied cropping and biomass harvest systems.  Our results demonstrated the complex nature 
of applying manure and commercial fertilizer nutrients according to crop needs, as well as 
for assessing the environmental implications resulting from nutrient management and crop 
biomass harvesting systems.  The results of this study also indicated that a more 
comprehensive field-scale study may be needed to more accurately assess biomass harvesting 
and nutrient management systems impacts on P losses with surface runoff.  
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